the superfluid bulk, before annihilation. The propagation of the vortex through the superfluid bulk acts as a dissipative channel that gives rise to a resistive flow, which leads to an exponential decay of z(t). This mechanism can occur in our crossover superfluids: The three-dimensional character of our junction, combined with the coupling to the transverse modes favored by the strong interparticle interactions, may facilitate the leakage of vortices from the barrier region (33) .
By performing a statistical study over several time-of-flight images recorded after some time evolution in the trap (22) , we detected with nonzero probability the presence of topological defects, which appear as density depletions in the expanded clouds (Fig. 4B, inset) . By measuring their oscillation period in the trap after switching off the barrier, we identified them as solitonic vortices (22, 34) . The intimate connection between the breakdown of the Josephson oscillations and the appearance of vortices is further confirmed by the data shown in Fig. 4B . This figure shows the behavior of the Josephson frequency w J at unitarity as a function of V 0 , together with the occurrence of defects observed for each V 0 value over a statistical ensemble of 40 images. Vortices appear only in the regime where coherent oscillations are absent (V 0 /E F > 1.5). The interconnection between the quench of the coherent dynamics and the vortex nucleation is not peculiar to the unitary point; it extends over the entire BEC-BCS crossover region. This can be observed by comparing Fig. 4C and 4D , where the measured w J is contrasted with the vortex occurrence probability, as a function of V 0 /E F and 1/k F a. The trend of the first observable is inversely correlated with the behavior of the second one for all interaction regimes. Figure 4D highlights the robustness of the crossover superfluid, which resists the formation of topological defects while maintaining the highest Josephson frequency. Our results differ from those reported in a study of the limit of vanishingly low barriers (V 0 ≪ m), where phononic excitations and pair-breaking effects, rather than vortices, respectively cause the breakdown of superfluidity in the BEC and BCS sides (30) .
Our work paves the way for studies of the interplay between elementary and topological excitations in the dissipative dynamics created by varying the height and width of the interwell barrier, and to the measurement of the superfluid gap, in close analogy with tunneling experiments in superconductors (3, 18) . Moreover, extending our studies of the tunneling dynamics above the condensation temperature T C may provide insight into the role of phase fluctuations in the regime where preformed noncondensed pairs appear in the system (17). Carbon-based supercapacitors can provide high electrical power, but they do not have sufficient energy density to directly compete with batteries. We found that a nitrogen-doped ordered mesoporous few-layer carbon has a capacitance of 855 farads per gram in aqueous electrolytes and can be bipolarly charged or discharged at a fast, carbon-like speed. The improvement mostly stems from robust redox reactions at nitrogen-associated defects that transform inert graphene-like layered carbon into an electrochemically active substance without affecting its electric conductivity. These bipolar aqueous-electrolyte electrochemical cells offer power densities and lifetimes similar to those of carbon-based supercapacitors and can store a specific energy of 41 watt-hours per kilogram (19.5 watt-hours per liter).
C
arbon supercapacitors have outstanding attributes of low weight, very fast charging/ discharging kinetics, and bipolar operational flexibility. For carbon-based materials, only electrical double-layer capacitance (EDLC) is available; thus, surface area is the key concern. But even at a very large surface area (~2180 to 3100 m 2 g
, their specific capacitance is still relatively low (~250 F g −1
), which has limited their appeal (1-4). Meanwhile, graphene has a theoretical EDLC of~550 F g −1 (5, 6) because of its extraordinary conductivity and specific surface area (∼2630 m 2 g
−1
). In practice, however, its capacitance has also been limited to~300 F g −1 , about the same as the best carbon-based EDLC (2, (5) (6) (7) . Therefore, efforts have been made to enable redox reactions in ordered mesoporous carbon (OMC) (8, 9) and conducting polymers by N doping, which via proton incorporation can theoretically endow a capacitance of ∼2000 F g −1 to conducting polymer polyaniline (10) . Nevertheless, such efforts have failed because conducting polymers are too unstable for practical electrochemical cells, while stable OMC is too resistive to deliver a high capacitance or power.
We demonstrate that N doping can turn inert graphene-like layered carbon into an electrochemically active substance. The preparation method is described in the supplementary materials, starting with a sacrificial mesoporous silica template, which contains self-assembled tubes (11) later covered by few-layer carbon. After etching away silica, a self-supported ordered mesoporous few-layer carbon (OMFLC) superstructure in Fig. 1A remained. Various N-doped OMFLC (OMFLC-N) having N incorporated at several OMFLC locations in Fig. 1B were also obtained, some further modified by a HNO 3 oxidation treatment that partially converted N into N−O. This set of OMFLC-N samples (table S1) includes 8.2 atomic percent (at%) N before and after oxidation treatment (samples S1 and S2) and 11.9 at% N before and after treatment (samples S3 and S4). For comparison, an ordered mesoporous (amorphous) carbon and a commercial activated carbon (YP-50, Kuraray Chemical) were also studied. To demonstrate the relevance to practical applications, we further implemented the idea using a simplified, template-free, scalable method producing essentially the same N-doped mesoporous few-layer carbon materials with the same overall performance.
The ordered mesoporous nature of OMC ( Fig. 1C) and OMFLC ( Fig. 1D ) was confirmed by electron microscopy. In both, OMFLC tubes appear as bright strips 4 to 6 nm wide. The tubes are porous, containing pores 1 to 2 nm in diameter (dark regions in strips), and are separated by aligned pore channels (dark regions between strips) of about the same size or diameter. Highresolution imaging of OMFLC's tube walls further revealed graphene-like sheets with ≤5 layers (Fig. 1E) . These relatively homogeneous and uniform mesoporous textures were largely preserved in OMFLC-N ( fig. S1 ). The silica tubes in the template are known to form a two-dimensional (2D) hexagonal "crystal" with space group p6mm (11). The same superstructure was confirmed in OMC, OMFLC, and OMFLC-N by their diffraction patterns (Fig. 1F) , which show decreasing peak intensities in the above order, indicating a progressive distortion of the superstructure.
Nitrogen adsorption-desorption suggests a bimodal pore size distribution (Fig. 1G) ), the smallest average pore width (2.25 nm), and the most prominent pores smaller than 2 nm (Fig. 1G ). The characteristic Raman 2D band ( fig. S2B ) verified the formation of local graphene-like structure with ≤5 layers in OMFLC and OMFLC-N.
Local graphene-like structure formation and N doping profoundly altered other physical properties as well. Whereas OMC is clearly an insulator, OMFLC and OMFLC-N display much lower room-temperature resistance with much weaker temperature dependence ( fig. S2C ), indicating an improvement in the structural order of carbon (12) . Meanwhile, whereas both OMC and OMFLC are hydrophobic, OMFLC-N is hydrophilic, wetting a 0.5 M H 2 SO 4 droplet in Fig. 1H . This is consistent with the zeta potential: Nearly neutral OMFLC (zeta potential = −6 mV, almost the same as OMC's −4 mV) becomes more nucleophilic OMFLC-N (−20 mV) as a result of lone-pair N 2p z electrons; these improved physical properties of OMFLC-N are generally conducive to the supercapacitive performance (see below).
Spectroscopy studies identified C-bonding and N-C locations in the carbon network. The presence of sp 2 bonding expected for graphene and local graphene-like structure was evident from the high ratio of p* bonding to p* + s* bonding ( fig. S3A ), giving 98% (±2%) sp 2 bonding in OMFLC versus 86% (±2%) in OMFLC-N, with reference to graphite (100%). Evidence for N substitution in OMFLC-N was also detected ( fig. S3B) , and the N/O content and bonding of OMFLC-N quantified by x-ray photoelectron spectroscopy (XPS) (fig. S3, C to F, and table S1) provided the following picture: (i) Deconvoluted N 1s XPS contains three characteristic peaks at 398, 400, and 401 eV, corresponding to pyridinic (N-6), pyrrolic (N-5), and graphitic (N-Q) nitrogen, respectively, as shown in Fig. 1B (13, 14) . (ii) As the N content increases from~8.2 at% in sample S1 to 11.9 at% in S3, N substitution at "regular" graphitic C sites (N-Q) instead of defective sites (N-5 and N-6) becomes more abundant. table S1 . (iv) Non-N-Q fractions (i.e., %N-5 + %N-6 in table S1) decrease in the order of samples S3, S1, S2, and S4; their redox potentials also increase in the same order.
These redox potentials in aqueous electrolytes were determined in three-electrode electrochemical cells in 0.5 M H 2 SO 4 (pH 0) electrolyte using an Ag/AgCl reference electrode and a Pt counterelectrode. The working electrode was prepared by pressing together active-material powders (at a mass loading of 0.5 mg cm ) and an inactive, highly compressible graphene foam (3D-graphene, specific capacitance = 30 F g ( Fig. 2A) , cells with both OMC and OMFLC working electrodes have nearly rectangular CV curves representative of an ideal efficient EDLC. With OMFLC-N electrodes, the curves may be deconvoluted into (i) a nearly rectangular EDLC-like curve, albeit with a substantially higher charging/ discharging current not seen with OMC and OMFLC, and (ii) a set of symmetric Faradaic charging/discharging peaks. In (ii), the charging peaks are located at~0.25 V to~0.5 V, increasing in the order of S3, S1, S2, and S4 (S4 data omitted in Fig. 2A but listed in table S1 ), which is exactly the same order that non-N-Q fractions decrease, thus strongly suggesting that the redox potential is related to N-5 and/or N-6. The above shape and symmetry features were maintained when the scan rate increased to 100 mV s , as shown for S1 in fig. S4A . This indicates that both EDLClike and redox reactions have fast charging/ discharging kinetics.
To proceed further, we note that pseudocapacitive materials with a pronounced redox peak are usually inefficient electrodes in a symmetric electrochemical cell, which renders the effort of incorporating faradaic capacitance ineffective. This is because a symmetric cell is electrically equivalent to two serial capacitors, C 1 and C 2 , so its total capacitance C 1 C 2 /(C 1 + C 2 ) is optimized when C 1 = C 2 . This condition is usually impossible to satisfy at all potentials unless the CV curve is rectangular. We found that the following simple method can overcome this problem, however. By mixing three OMFLC-N powders at the ratio of S1:S2:S3 = 0.3:0.3:0.4 to form another OMFLC-N powder (SM), we obtain a new material that is capable of supporting multiple faradaic peaks. It exhibits a rectangular EDLC-like CV curve at a very large current ( Fig. 2A) , which is much higher than known EDLC and quite comparable to the capacitance of transition metal-oxide faradaic pseudocapacitors (16) (17) (18) .
Electrochemical impedance spectroscopy (Fig.  2C, enlarged in fig. S6A ) found OMFLC-N (S1) to have the lowest equivalent series resistance of 0.8 ohms, better than that of OMFLC and OMC.
This may be attributed to better wetting on OMFLC-N, which lowers the interface resistance, because OMFLC has at least comparable, if not lower, resistivity than OMFLC-N ( fig. S2C ). The >45°(negative) phase angle of both OMFLC-N (S1 and SM; inset of Fig. 2C ) at relatively high frequencies confirms their capacitive behavior at fast rates. Specifically, the frequency (of −45°) when the resistance and reactance have equal magnitudes is 0.48 Hz for OMFLC-N, giving a relaxation time (t 0 = 1/f 0 ) of 2.1 s. The CV and CC tests are in broad agreement with each other when compared at the same half-cycle time T as seen in Fig. 2D , which also provides insight into the charging/discharging kinetics. (In the CV test, T is the time to sweep over the voltage window. In the CC test, it is the time to discharge.) In general, the capacitance C may contain a rate-independent component k 1 (classically attributed to EDLC) and a diffusionlimited component controlled by the scanning rate, n = T fig. S6B , from which one can also obtain k 1 .) Apparently, k 1 dominates in OMFLC-N, exceeding 700 F g −1 in SM and 545 F g −1 in S1. Dominance of rate-independent capacitances is common for EDLC, but it nevertheless holds here in redox reactions of the above materials because (i) OMFLC is a lowdimensional, fast-conducting, high-surface-area, few-layered material, and (ii) OMFLC-N is mesoporous ( fig. S1 ) and hydrophilic (Fig. 1H) . Therefore, they allow facile reactions both outside and inside the few-layer carbon tubes, as well as across the tube thickness. The data from the slowest, near-equilibrium tests allowed us to construct the Tafel plots in Fig. 2 , E and F, to compare the energetics of faradaic reactions and reveal a fundamental difference between OMFLC-N and OMC or OMFLC. For both S1 and SM, the potential required to sustain a constant current density of 10 mA cm −2 from pH 4.0 to 7.0 (Fig. 2E) lies close to the theoretical Tafel line with a slope of 2.3 × RT/F (−59.2 mV/pH) (21) . Likewise, measuring the potential required for different current densities (Fig. 2F) at pH 6.8 gives again a slope in close coincidence with 2.3 × RT/F. Because both sets of Tafel lines imply a one-electron reaction, the pH dependence must arise from the concurrent incorporation of one proton and one electron. In contrast, for OMC and OMFLC, the slope is very flat, suggesting little redox activity. Recalling that the redox potential decreases with increasing concentration of nongraphitic N ( Fig. 2A and  table S1 ), we believe the redox reaction previously proposed for pseudocapacitance in N-containing polypyrrole (22) and carbon nanotubes (8, 9)-that each pyrrolic (N-5) and pyridine (N-6) nitrogen can incorporate an electron and a proton-is also operational here: It fits all of the above descriptions. According to N 1s XPS that can "see" through tubes less than 2 nm thick, there is 8.2 at% N in OMFLC-N (S1), which may store an additional faradaic charge of 660 F g −1 . This is more than enough to account for the storage difference (390 F g −1 ) between OMFLC-N (S1) and OMFLC. The proposed N-H mechanism dictates that an acidic condition is more favorable for redox reactions. This was verified for S1 in the threeelectrode CC test at 1 A g ; fig. S7 , A to D, also confirmed by the CV tests). In contrast, OMFLC, which solely relies on EDLC, has very similar capacitances in the two electrolytes ( fig. S7E ). These results lend further support to the proposed N-H redox mechanism that makes OMFLC-N a superior supercapacitor.
Hoping to reduce these new mechanisms into practice, we investigated whether the threeelectrode performance of OMFLC-N can be translated to electrochemical cells. Carbon-based electrodes are special in that they can be used as both cathodes and anodes in symmetric electrochemical cells, with a per-electrode specific capacitance nearly the same as that measured in the three-electrode test. This was confirmed for YP-50, OMC, and OMFLC (table S2) . Here, we multiply the nominal specific capacitance of a symmetric EC by 4 to obtain the per-electrode specific capacitance (23) . In contrast, as mentioned before, pseudocapacitive materials with a pronounced redox peak are usually inefficient electrodes in symmetric electrochemical cells (23, 24) because their two differential capacitances at the two electrodes, C 1 and C 2 , are different. (Under the normal circumstance when one electrode has a suitable potential for the major redox peak and thus a larger differential capacitance, the other electrode is at a potential away from the major redox peak, hence having a smaller differential capacitance.) So their total capacitance C 1 C 2 / (C 1 + C 2 ) is lower than the maximum, which is ½C 1 = ½C 2 when C 1 = C 2 . In contrast, despite predominant contributions of redox reactions, our SM electrode maintains a nearly rectangular CV curve ( Fig. 2A) -that is, a constant differential capacitance-in the three-electrode test. So we expect its symmetric electrochemical cell to satisfy C 1 = C 2 , thus to provide a per-electrode specific capacitance identical to that measured in the three-electrode test. Indeed, its symmetriccell CV curve (Fig. 3A ) in 0.5 M H 2 SO 4 electrolyte is rectangular and rather symmetric, and its symmetric-cell CC test (Fig. 3B) gives a perelectrode capacitance of 840 F g −1 at 1 A g −1 -within 2% of the three-electrode capacitance of 855 F g −1 (see table S2 ). In comparison, other OMFLC-N electrodes (S1 to S3) each having a distinct redox peak in the CV curve all suffered from capacitance losses of 10 to 15% when used in a symmetric electrochemical cell (table S2) . All the symmetric-cell electrochemical measurements were conducted in 0.5 M H 2 SO 4 electrolyte using an operating voltage of 1.2 V, which did not cause any detectable H 2 or O 2 evolution (fig. S8A ).
The performance of OMFLC-N SM electrodes in symmetric aqueous electrochemical cells was further confirmed using another electrolyte, Li 2 SO 4 , which helps prevent carbon-electrode corroding and allows a higher operating voltage up to 1.9 V (25). Indeed, in 2 M Li 2 SO 4 electrolyte at pH 1.8, a symmetric electrochemical cell with SM electrodes had a threshold water-splitting voltage of 1.8 V; at 1.6 V there was no detectable H 2 or O 2 evolution after 24 hours (fig. S8B ). In acidic (pH 1.8) but not basic (pH 9.2) Li 2 SO 4 , pronounced redox was confirmed by the CV test ( fig. S9 ). With this electrolyte, symmetric electrochemical cells obtained a specific capacitance of 740 F g −1 at 1 A g −1 from the CV and CC tests (Fig. 3, A and B) , just 5% below the three-electrode capacitance of 780 F g −1 (table S2) .
Having established the robust redox bipolar activities of OMFLC-N SM as both cathode and anode, we further evaluated its suitability for practical applications, starting with their stability in sustained and cyclic loading (Fig. 3C) . After 100 hours of sustained loading, the capacitance retention was 93% at 1.2 V in 0.5 M H 2 SO 4 electrolyte and 92% at 1.6 V in 2 M Li 2 SO 4 electrolyte. The symmetric electrochemical cell withstood 50,000 cycles between 0 and 1.2 V in 0.5 M H 2 SO 4 electrolyte with 82% of the capacitance remaining; a similarly cycled device between 0 and 1.6 V in 2 M Li 2 SO 4 (pH 1.8) electrolyte retained 80%.
To pack more energy and power into the device, we increased the mass loading to the limit of not sacrificing full electrochemical efficiency. (To aid electrode formation at >2.0 mg cm ), the gravimetric specific capacitance of the symmetric electrochemical cell changed minimally (Fig. 3D) , indicating that OMFLC-N powders had full access to the electrolyte without geometric or electric hindrance or diffusion limitation. Such increased loading benefits the volumetric capacitance, which is important for practical applications. Peaking at 6.0 mg cm The merit of our material relative to existing battery and supercapacitor materials was evaluated using Ragone plots (specific power versus specific energy) for symmetric electrochemical cells on both the device gravimetric basis (Fig.  3E ) and the device volumetric basis (Fig. 3F) . In 0.5 M H 2 SO 4 electrolyte, our device has a specific energy E of 24. . Indeed, in all important respects (figs. S10 to S13), this material behaves within~10% of the best OMFLC-N SM described above, thus providing an outstanding low-cost carbon-based material for electrochemical cells for electric power applications.
B
onding between boron atoms is more complex than in carbon; for example, both twoand three-center B-B bonds can form (1) . The interaction between these bonding configurations results in as many as 16 bulk allotropes of boron (1-3), composed of icosahedral B 12 units, small interstitial clusters, and fused supericosahedra. In contrast, small (n < 15) boron clusters form simple covalent, quasiplanar molecules with carbon-like aromatic or anti-aromatic electronic structure (4-7). Recently, Zhai et al. have shown that B 40 clusters form a cage-like fullerene (6) , further extending the parallels between boron and carbon cluster chemistry.
To date, experimental investigations of nanostructured boron allotropes are notably sparse, partly owing to the costly and toxic precursors (e.g., diborane) typically used. However, numerous theoretical studies have examined twodimensional (2D) boron sheets [i.e., borophene (7)]. Although these studies propose various structures, we refer to the general class of 2D boron sheets as borophene. Based upon the quasiplanar B 7 cluster (Fig. 1A) , Boustani proposed an Aufbau principle (8) to construct nanostructures, including puckered monolayer sheets (analogous to the relation between graphene and the aromatic ring). The stability of these sheets is enhanced by vacancy superstructures (7, 9) or out-of-plane distortions (10, 11) . Typically, borophene is predicted to be metallic (7, (9) (10) (11) (12) or semimetallic (10) and is expected to exhibit weak binding (13) and anisotropic growth (14) when adsorbed on noble-metal substrates. Early reports of multiwall boron nanotubes suggested a layered structure (15) , but their atomic-scale structure remains unresolved. It is therefore unknown whether borophene is experimentally stable and whether the borophene structure would reflect the simplicity of planar boron clusters or the complexity of bulk boron phases.
We have grown atomically thin, borophene sheets under ultrahigh-vacuum (UHV) conditions (Fig. 1B) , using a solid boron atomic source (99.9999% purity) to avoid the difficulties posed by toxic precursors. An atomically clean Ag(111) substrate provided a well-defined and inert surface for borophene growth (13, 16) . In situ scanning tunneling microscopy (STM) images show the emergence of planar structures exhibiting anisotropic corrugation, which is consistent with first-principles structure prediction. We further verify the planar, chemically distinct, and atomically thin nature of these sheets via a suite of characterization techniques. In situ electronic characterization supports theoretical predictions that borophene sheets are metallic with highly anisotropic electronic properties. This anisotropy is predicted to result in mechanical stiffness comparable to that of graphene along one axis. Such properties are complementary to those of existing 2D materials and distinct from those of the metallic boron previously observable only at ultrahigh pressures (17) .
During growth, the substrate was maintained between 450°and 700°C under a boron flux between~0.01 to~0.1 monolayer (ML) per minute [see supplementary materials for details (18) ]. After deposition, in situ Auger electron spectroscopy (AES; Fig. 1C ) revealed a boron KLL peak at the standard position (180 eV) superimposed on the clean Ag(111) spectrum. We observed no peaks due to contaminants, and none of the distinctive peak shifts or satellite features characteristic of compound or alloy formation ( fig. S1 ).
After boron deposition at a substrate temperature of 550°C, STM topography images (Fig. 1D ) revealed two distinct boron phases: a homogeneous phase and a more corrugated "striped" phase (highlighted with red and white arrows, respectively). Simultaneously acquired dI/dV maps (where I and V are the tunneling current and voltage, respectively) of the electronic density of states (DOS), given in Fig. 1E , showed strong electronic contrast between boron sheets and the Ag(111) substrate and increased differentiation between homogeneous and striped islands. The relative concentration of these phases depends upon the deposition rate. Low deposition rates favored the striped phase and resulted in the
